Although the dopamine D1-D2 receptor heteromer has emerging physiological relevance and a postulated role in different neuropsychiatric disorders, such as drug addiction, depression, and schizophrenia, there is a need for pharmacological tools that selectively target such receptor complexes in order to analyze their biological and pathophysiological functions. Since no selective antagonists for the D1-D2 heteromer are available, serial deletions and point mutations were used to precisely identify the amino acids involved in an interaction interface between the receptors, residing within the carboxyl tail of the D1 receptor that interacted with the D2 receptor to form the D1-D2 receptor heteromer. It was determined that D1 receptor carboxyl tail residues 404 Glu and 405 Glu were critical in mediating the interaction with the D2 receptor. Isolated mutation of these residues in the D1 receptor resulted in the loss of agonist activation of the calcium signaling pathway mediated through the D1-D2 receptor heteromer. The physical interaction between the D1 and D2 receptor could be disrupted, as shown by coimmunoprecipitation and BRET analysis, by a small peptide generated from the D1 receptor sequence that contained these amino acids, leading to a switch in G-pro- Dopamine has important roles in the regulation of many brain functions, such as learning, locomotion, reward, and cognition. Dopamine receptors are therapeutic targets for disorders related to dopamine function, such as schizophrenia, depression, attention deficit hyperactivity disorder, drug addiction, and Parkinson's disease (1). While dopamine functions are transduced through two subclasses of dopamine receptors, the dopamine 1 (D1)-like (D1 and D5) and the D2-like (D2, D3, and D4) receptors (D1-5R), with capacity to activate or inhibit adenylyl cyclase and the cyclic AMP signaling pathway, respectively (1-3), these receptors also form novel pharmacological entities through formation of receptor heteromeric complexes by oligomerization (4 -10). Notably, D1R and D2R were shown to form a D1-D2 heteromer in transfected cells (11) (12) (13) (14) , in striatal neurons (15, 16) , and in a specific neuronal population within the basal ganglia, with relatively high incidence in the nucleus accumbens (NAc) of rat
Dopamine has important roles in the regulation of many brain functions, such as learning, locomotion, reward, and cognition. Dopamine receptors are therapeutic targets for disorders related to dopamine function, such as schizophrenia, depression, attention deficit hyperactivity disorder, drug addiction, and Parkinson's disease (1) .
While dopamine functions are transduced through two subclasses of dopamine receptors, the dopamine 1 (D1)-like (D1 and D5) and the D2-like (D2, D3, and D4) receptors (D1-5R), with capacity to activate or inhibit adenylyl cyclase and the cyclic AMP signaling pathway, respectively (1-3), these receptors also form novel pharmacological entities through formation of receptor heteromeric complexes by oligomerization (4 -10) . Notably, D1R and D2R were shown to form a D1-D2 heteromer in transfected cells (11) (12) (13) (14) , in striatal neurons (15, 16) , and in a specific neuronal population within the basal ganglia, with relatively high incidence in the nucleus accumbens (NAc) of rat striatum (13, 15, 17) . In contrast to individual D1R or D2R, which interact with G s/olf or G i/o , respectively, the D1-D2 complex induces calcium signaling (11, (13) (14) (15) via a G q -and phospholipase C-dependent pathway (11) (12) (13) (14) (15) , leading to calcium/calmodulin kinase II␣ (CaMKII) activation (13, 15, 18) , increased brain-derived neurotrophic factor (BDNF) production (15, 19) , and enhanced neuronal growth (15) .
The emerging physiological relevance of the D1R-D2R heteromer has implicated a role for this complex in drug addiction, depression, and schizophrenia (8, 9, 17, 19, 20) , but there is a need for pharmacological tools that directly and selectively target this receptor complex in order to fully elucidate its functions in the brain. SKF 83959 has been reported as an agonist for G q /PLC-coupled D1-like receptors (21, 22) , suggesting that the calcium signal may involve D1R or D5R (23, 24) , although evidence excluded D1R expressed alone from inducing a calcium signal (reviewed in 5), unless under specific circumstances, such as overexpression of G q (24) . We reported that this D1-like agonist SKF 83959 was a more selective and a potent partial agonist that at nanomolar concentrations activated the D1R-D2R heteromer-calcium signaling pathway (13) (14) (15) (16) . However, SKF 83959 was also described to bind with significantly lower affinities to the other dopamine receptor subtypes (D2R, D3R, and D4R), as well as to other unrelated receptors, such as adrenoceptors and serotonin receptors (23, 24) . While the calcium-releasing effects of SKF 83959 in striatum are selectively due to activation of the D1-D2 heteromer due to the very low expression of D5R in this region (7) and the blockade of the calcium signal by D1 or D2 antagonists (13) (14) (15) (16) , this agonist would lack selectivity toward the D1-D2 heteromer in other brain regions (25) or in circumstances where G q is highly expressed (24) . Further, there are no known antagonists that are selective for the D1-D2 heteromer. Any D1R or D2R antagonist that we have tested has been shown to block the D1-D2 heteromer-activated calcium signal (11) (12) (13) and has been effectively used to demonstrate the involvement of both receptors in the heteromer signaling pathway (11) (12) (13) (14) (15) (16) . However, as expected, these antagonists will also block the individual functional effects of D1R and D2R homomers.
Another strategy aims to define the physiological roles of heteromeric receptor complexes by disrupting them, which would be possible if their interaction interfaces were known. Only limited evidence is available, as detailed information regarding the conformational and structural features of receptor-receptor interactions mediating the formation of homo-and heterooligomers remain scarce. It is believed that different types of interactions through either transmembrane (TM) domains, intracellular loops (ICLs), and/or the amino (NH) or carboxyl terminus (C tail) may play roles in either homomer or heteromer formation (26 -29) . There is no consensus as to how these receptor complexes are formed and which regions are involved, although different models have been proposed. Interactions between TM domains seem to be involved in G-protein-coupled receptor (GPCR) homomer formation, such as for the fourth TM in D2R homomer formation (30, 31) . Other regions of the receptors are also involved, as exemplified by the recent report of the crystal structure of the ␤ 1 -adrenergic receptor dimer showing two homodimer interfaces,  one involving TM1, TM2, helix 8, and extracellular  loop 1, and the second involving TM4, TM5, ICL2, and  extracellular loop 2 (32) . The formation of receptor heteromers seems to be even more complex in that the ICLs and the C tail were shown to be involved, with perhaps a lesser role for TM domains. Conserved intracellular domains among some GPCRs were shown to establish selective electrostatic interactions with intracellular domains of other receptors, suggesting that these electrostatic interactions may constitute a mechanism for receptor heteromerization (33) .
In the present study, the precise amino acids within the C tail of D1R, notably the 404 Glu and 405 Glu (34) were shown to be important in the interaction with D2R, substitution, or deletion of which blocked the interaction between the two protomers, and abolished the signaling pathway activated by D1-D2 heteromer formation. Furthermore, a small peptide generated from the sequence of the D1R that contained the critical 2 aa was capable of disrupting the physical interaction between D1R and D2R, leading to a switch in G-protein affinities and resulting in the inhibition of the D1-D2 heteromer-activated calcium signal. The effects of the generated D1-D2 disrupting peptide were shown to be highly selective and when tested in vivo in a rat model revealed a physiological role for D1-D2 heteromer in the modulation of behavioral despair.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats (Charles River, St. Constant, QC, Canada) were used. The rats were housed in pairs and maintained in a 12-h light-dark cycle with food and water available ad libitum. Procedures were tested in compliance with the guidelines described in the Canadian Council on Animal Care Guide to the Care and Use of Experimental Animals.
Neuronal cultures
Neonatal rat striata (1 d of age) were cultured, and all experiments were performed after 7-10 d in culture, as previously reported (15) .
Drug administration
SKF 83959 hydrobromide (R&D Systems, Minneapolis, MN, USA) was dissolved in physiological saline containing 5% DMSO and administered subcutaneously. For nondrug injections, an equivalent volume of saline was used. All drug injections were administered at a volume of 1.0 ml/kg.
TAT-D1 peptide
The amino acids involved in D1-D2 interaction were revealed by several deletions or mutations. D1R mutants truncated or mutated between aa 396 and 413 in the C tail showed a lack of interaction with D2R ( Table 1) . On the basis of these results, a peptide generated from the sequence in the D1R C tail and fused in its NH 2 terminus to a TAT peptide sequence (GeneScript, Piscataway, NJ, USA) to render it cell permeable (35) .
TAT-scrambled peptide
To avoid the nonspecific effects of the TAT sequence or random collisions, a peptide with the same amino acid composition as the D1 peptide but with a scrambled sequence attached to TAT was used.
Immunocytochemistry
Immunocytochemistry was conducted as previously reported (15) . Paraformaldehyde-fixed neurons were incubated with the primary antibodies overnight at 4°C. After 3 washes with PBS-BSA, the samples were incubated with the appropriate secondary antibody for 2-4 h at room temperature. After 3 washes, the slides were mounted using a mounting solution (Dako, Carpinteria, CA, USA), and the images were acquired using a confocal FluoView Olympus microscope (FV 1000; Olympus, Tokyo, Japan). All images were acquired in sequential mode to minimize any bleed-through.
Confocal microscopy fluorescence resonance energy transfer (FRET)
Confocal FRET analysis was performed as described previously (15) (16) (17) . Anti-D2/Alexa Fluor 350 (Life Technologies Corp., Carlsbad, CA, USA) was the FRET donor, while anti-D1/Alexa Fluor 488 (Life Technologies) was used as the acceptor dipole. The donor was excited with a krypton laser at 405 nm, while the acceptor was excited with an argon laser at 488 nm. The emissions were collected at 430/20 and 530/ 20-nm low-pass filter.
Bioluminescence resonance energy transfer (BRET) experiments
BRET was used to measure the interaction and disruption of the dopamine receptor heteromers. The receptor donor for BRET was fused in its C tail to Renilla luciferase (Rluc), while the acceptor was fused to green fluorescent protein (GFP). Saturation BRET experiments were performed using a constant amount of cDNA corresponding to the donor (Rluc tagged) and increasing amounts of cDNA corresponding to the acceptor (GFP tagged) in transiently cotransfected human embryonic kidney (HEK)-293T cells to calculate BRET max . Cells expressing the donor alone were used as controls (basal). After induction of Rluc-mediated light emission by the addition of the substrate coelenterazine H, emission was measured using a plate-reader spectrofluorometer (Victor 3 ; Perkin-Elmer Life Sciences, Woodbridge, ON, Canada) at the wavelengths of 480 and 535 nm, corresponding to the maxima of the emission spectra for Rluc and GFP, respectively. Results are expressed as means Ϯ sem of 3 readings from Ն3 wells/condition, with each experiment repeated independently Ն3 times.
Calcium measurements in striatal neurons
Calcium mobilization was measured by FRET methodology, as described previously (15, 16) , using cameleon YC6.1 (a generous gift from Dr. M. Ikura, University of Toronto). Cameleon YC6.1 is an engineered calcium indicator, in which any increase in calcium concentration would result in a measurable FRET change due to a decrease in the distance separating the two flanking proteins, cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). A single excitation wavelength at 405 nm was applied to solely excite CFP, whereas images and fluorescence emission data were collected for both CFP and YFP. The experiments were performed in live neurons in the absence of extracellular calcium, and ratios of YFP/CFP were calculated from data obtained from each individual neuron. The basal ratio before adding any drug (4 -5 measurements) was subtracted from the values obtained after drug injection. TAT-D1 peptide was added 15 min prior to any measurements.
Coimmunoprecipitation
Approximately 300 -500 g of protein was used for each experiment. Membrane proteins from HEK-293T cells stably coexpressing HA-D1 and Flag-D2 receptors were incubated with anti-HA antibody; membrane proteins from HEK-293T cells coexpressing D5-Rluc and D2-GFP were incubated with an anti-Rluc antibody, whereas proteins from rat NAc were incubated with an anti-D2R antibody (Alomone Laboratories, Jerusalem, Israel) at 4°C overnight under gentle rotation. After adding 40 -50 l of protein G/A, the mixture was 
SISKECNLVYLIPHAVGSSEDLKKAAAAGIARPLEKLSPALSVILDYDTDVSLEKIQPITQNGQHPT No incubated for 1 h. After 3 washes with PBS-Tween, 70 l of SDS buffer was added, and the immunoprecipitates were incubated for 5 min at 95°C.
Western blot analysis
Proteins were resolved by electrophoresis on 10% polyacrylamide gels under denaturing conditions (SDS-PAGE) and transferred onto nitrocellulose or PVDF membranes (Bio-Rad Laboratories, Hercules, CA, USA) using a semidry transfer system (Invitrogen, Carlsbad, CA, USA). Membranes were incubated in PBS-Tween (PBS-T)/10% nonfat milk for 1 h. After 3 washes in PBS, membranes were incubated with PBS-T/5% nonfat milk containing the indicated first antibody. Membranes were washed once in PBS-T and 2 times in PBS (10 min each) and incubated with the appropriate horseradish peroxidase (HRP)-conjugated polyclonal secondary antibody for 2 h. After 3 washes as indicated above, signal detection was performed using a chemiluminescence kit (Perkin-Elmer). The first antibodies used were anti-D1R raised in rats (Sigma, St. Louis, MO, USA), anti-D2R raised in rabbits (Alomone Laboratories), anti-Flag raised in rabbits (Cell Signaling Technology, Beverly, MA, USA), anti-GFP raised in rabbits (Sigma), and anti-HA raised in mice (Cell Signaling Technology).
Forced swim test (FST)
During the pretest, rats were placed in a transparent Plexiglas cylinder (20 cm in diameter) filled with water (25Ϯ2°C) for 15 min. The FST was performed 24 h later. Animals were administered a single injection of SKF 83959 (2.5 mg/kg i.p.); after 5 min, they were placed into the cylinder. The animals were scored for immobility every 5 s for a total of 5 min. Rats that were administered the TAT-D1 peptide (300 pmol i.c.v.) received their infusion 15 min before the start of the FST.
Statistical analysis
Results are reported as means Ϯ sem. For behavioral data, the statistical significance of each dependent measure was first evaluated using an ANOVA with strain and drug as the between-subjects factors, followed by post hoc Student's t tests.
Computations were performed using the SPSS/PCϩ statistical package (IBM, Armonk, NY, USA). Immunoblot data were collected by densitometry and expressed as a percentage of controls. Comparisons were performed by the Student's t test (2-tailed, unpaired).
RESULTS
D1R and D2R interact to form D1-D2 heteromer complexes in striatal neurons and in transfected cells
Rat striatal neurons in culture coexpressed D1R and D2R, as evidenced by immunocytochemistry (Fig. 1A ) using specific antibodies against extracellular epitopes on D1R and D2R. Using confocal FRET, we tested whether these receptors form heterooligomers. We have previously published the details of the methodology, analysis, and controls for the confocal FRET analysis of D1-D2 heteromers (15) (16) (17) taken from cell surface, cytoplasm, or dendrites of each individual neuron. The FRET efficiency at the cell surface-expressed receptors was calculated from 20 striatal neurons (10 ROIs/neuron) to be 0.3 Ϯ 0.08 with a relative distance separating the secondary antibody-linked fluorophores of 60 Ϯ 10 Å, suggesting a physical interaction between the native D1R and D2R in striatal neurons. The heteromerization of D1-D2 was also analyzed in HEK-293T cells using two methodologies: FRET resulting from the confocal acceptor photobleaching method (Fig. 1B) and BRET (Fig. 1C) . FRET acceptor photobleaching is based on comparing donor fluorescence intensity in the same sample before and after destroying the acceptor by photobleaching. Thus, if FRET is present between the donor and acceptor, indicating their physical proximity, photobleaching of the acceptor would result in an increase in donor fluorescence and a decrease in FRET between the pair. Acceptor photobleaching FRET data are relative to D1-CFP and D2-GFP heteromers, exclusively expressed at the cell surface of HEK-293T cells, by selecting the regions where acceptor photobleaching was performed (Fig. 1B , rectangle in inset). Data showed that D1-CFP and D2-GFP are in proximity at the cell surface, allowing a FRET ratio between D1-CFP and D2-GFP of 0.48 Ϯ 0.04, suggesting that the two receptors form heteromers. A 50% photobleach of the acceptor (D2-GFP) in small regions of the cell surface led to a 55% decrease in the FRET ratio, with the donor regaining a part of the signal that previously was absorbed by the acceptor (Fig. 1B, right panel) .
The physical interaction between D1R and D2R was further investigated using BRET in HEK-293T cells transfected with D1-Rluc and D2-GFP constructs. Heteromer formation between D1-Rluc and D2-GFP was tested through a saturation isotherm of D1-Rluc with increasing expression levels of D2-GFP. Cells expressing D1-Rluc only were used as controls. To avoid nonspecific interactions due to higher receptor density, the receptors were expressed in femtomole per milligram protein ranges (D1-Rluc: 50 fmol/mg protein; D2-GFP: 25-400 fmol/mg protein). Under these conditions, the receptors were essentially expressed at the cell surface (Supplemental Fig. S1 ). The BRET signal increased, and a saturation curve was obtained (Fig.  1C) with a calculated BRET max of 0.28 Ϯ 0.02 (or 280Ϯ20 mBRET units) and a BRET 50 of 2.5 Ϯ 0.52. These results indicated that D1R interacted specifically with D2R to form D1R-D2R heteromers.
C tail of D1R is involved in D1-D2 heteromer formation
As the C tails of some GPCRs have been shown to play a role in their heterooligomerization, including between D1Rs and D2Rs using a strategy of receptor cotrafficking (34, 38) , we tested whether the coexpression of the D1 C tail would affect D1-D2 heteromer formation. A cDNA construct encoding for cMyc- tagged D1 C tail was cotransfected with D1-Rluc and D2-GFP, with a vector encoding for cMyc alone used as a control. While D1-Rluc and D2-GFP showed a BRET signal, indicating their robust interaction, the coexpression of the D1 C tail abolished the BRET signal between D1-Rluc and D2-GFP (Fig. 1D) , suggesting that the D1 C tail blocked D1-Rluc from interacting with D2-GFP and indicating that a sequence within the C tail of D1R was important in mediating the interaction of D1R with D2R.
In cultured neonatal striatal neurons, which highly coexpress D1R and D2R (15, 36) and do not express D5R, 100 nM SKF 83959 was able to trigger an increase in intracellular calcium release measured by cameleon FRET (Fig. 1D) . Such a calcium signal occurring in the absence of extracellular calcium has been demonstrated in striatal neurons from D5R Ϫ/Ϫ knockout mice and was absent in striatal neurons from D1R Ϫ/Ϫ knockout mice and was confirmed to involve the D1-D2 heteromer (15) . The transfection of striatal neurons with the cMyc-D1-Ctail construct strongly inhibited the SKF 83959-induced calcium release (Fig. 1E, F) . These results suggested that expression of the D1 C tail was able to prevent the calcium signal induced by D1-D2 heteromer activation.
Identification of the specific amino acids in the D1R C tail involved in D1R-D2R heteromer formation
In an attempt to narrow and identify the sequence of amino acids involved in the D1R-D2R interaction, several deletions and point mutations were performed on the C tail of D1R. Several mutants thus were generated, starting from mutant 1 (C1) representing the D1R lacking the most distal 15 aa of its C tail (Table 1 and Fig. 2 ). Of these D1R constructs, only those that lacked or had mutations between the 396 Gly and 407 Ala sequence showed a lack of interaction with D2R in BRET experiments. For example, when the C1 mutant, lacking the most distal 15 aa of the D1 C tail, was used as a donor in BRET experiments (C1-Rluc), the deletion of these amino acids did not affect the D1-D2 interaction, as assessed by BRET (Fig. 3A) . Other deletion mutants were also cotransfected with the BRET pair D1-Rluc and D2-GFP (Fig. 3B) 385 Asn to 395 Val, and C2, with deletion of 420 Leu to 446 Thr, were able to abolish the BRET signal between D1R and D2R. This suggested that the sequence deleted in the C4 mutant was important for the D1R and D2R interaction, whereas the sequences deleted in C1, C2, and C5 were not. We then focused our attention on the 12 aa ( 396 Gly to 407 Ala) deleted in the C4 mutant. Shorter deletions were performed, and a mutant (C7-Rluc) with 6 aa deleted ( 402 Lys to 407 Ala) showed no significant interaction with D2R (Fig. 3C) , suggesting that some or all of these 6 aa were important in the interaction of D1R with D2R. To confirm this assertion and further narrow the sequence involved in the interaction with D2R, another mutant (C8) bearing Rluc was generated, in which 4 aa ( 402 Lys to 405 Glu) were substituted with alanine residues (Table 1 ). The C8-Rluc was not able to generate a significant BRET signal with D2-GFP (Fig.  3D) , indicating that these 4 aa in the D1R C tail were important in mediating the interaction with the D2R.
The sequence was ultimately narrowed further by substituting 2 aa, 404 Glu and 405 Glu, with alanines (C9). BRET saturation curves were generated to measure the interaction of the constructs D1-Rluc or C9-Rluc with D2-GFP. Both D1-Rluc and C9-Rluc were expressed at the cell surface, as evidenced by confocal microscopy using immunolabeling with an anti-Rluc antibody (Supplemental Fig. S2 ), and their expression levels were similar, as measured by luminescence (5739Ϯ245 vs. 5635Ϯ253 AU; Supplemental Fig. S2 ). While D1-Rluc showed a saturable BRET signal with D2-GFP, C9-Rluc showed a linear and small BRET signal with D2-GFP (Fig. 3E) . These data indicated clearly that while D1R was able to specifically interact with D2R, C9 was not capable of such an interaction. These data, which are in agreement with previous data obtained by a different methodology (34, 38) , indicate that the 2 aa in the D1R C tail, 404 Glu and 405 Glu, were of high importance in the D1-D2 heteromer formation.
(red). Acceptor photobleaching was performed exclusively on receptors expressed at the cell surface by selecting small regions (rectangles in insets). Data showed that D1-CFP and D2-GFP are in proximity at the cell surface with a FRET ratio between D1-CFP and D2-GFP of 0.48 Ϯ 0.04, indicative of receptor heteromerization. Right panel: fluorescence of D1-CFP and D2-GFP during the photobleaching (nϭ5). A 50% photobleach of the acceptor (D2-GFP) at the cell surface led to a 55% decrease in the FRET ratio, with the donor (D1-CFP) regaining a part of the signal that previously was absorbed by the acceptor. C) Saturation BRET analysis of interaction between D1R and D2R. HEK-293T cells were transfected with a constant amount of D1-Rluc with increasing expression levels of D2-GFP. Cells expressing D1-Rluc only were used as controls. BRET ratios (expressed in milliBRET units) were plotted against the DNA ratios (GFP/Rluc). Results represent means Ϯ sem from Ն3 independent experiments. These results indicated that D1R interacted specifically with D2R to form D1-D2 heteromers. D) BRET analysis showing the involvement of the D1 C tail in D1-D2 heteromer formation. HEK-293T cells were transfected with D1-Rluc alone or with D2-GFP in the presence or the absence of a construct coding for the D1 C tail tagged with cMyc (cMyc-D1 C tail). Results represent means Ϯ sem from 3 independent experiments. **P Ͻ 0.01. E) Representative graph of time-dependent calcium mobilization by SKF 83959 in striatal neurons in culture. Striatal neurons were transfected with cameleon to measure intracellular calcium using confocal FRET. These neurons were also transfected with a vector coding either for cMyc or for cMyc-D1 C tail. At 48 h after transfection, neurons in the absence of extracellular calcium were treated with 100 nM SKF 83959 (arrow). F) Analysis of calcium mobilization using cameleon-FRET in 30 -36 neurons. Results represent means Ϯ sem. **P Ͻ 0.01.
Generation of a peptide from the D1R C tail capable of disrupting the D1-D2 heteromer
Subsequently, a construct expressing a sequence of 18 aa from the D1R C tail was generated, which included the 2 aa, 404 Glu and 405 Glu, identified to interact with the D2R, flanked by 8 aa on each side. This sequence was tagged at its N terminus by cMyc. This construct, cMyc-D1-[ 396 Leu], was used in different experiments to assess its role in D1-D2 heteromer formation and signaling. The coexpression of this peptide with D1-Rluc and D2-GFP blocked the BRET between D1R and D2R (Fig. 4A) . This inhibition was dose dependent, with a complete blockade of the BRET signal between D1R and D2R, occurring when the cMyc-peptide was expressed at higher concentrations than the D1R and D2R constructs (Fig. 4B) . Interestingly, the amino acids involved in the D1-D2 heteromer formation seem to have no effect on the D1-D1 homomer formation. Thus, D1-GFP still interacted with the mutant C9-Rluc with similar efficiency as it did with the wild-type D1-Rluc (Fig. 4C) , whereas the cMyc peptide had no effect on the BRET signal generated between D1-Rluc and D1-GFP to form homooligomers (Fig. 4D) , suggesting that the sequence of 6 aa in the D1R C tail was specific for the formation of the D1-D2 heteromer and not for the formation of the D1-D1 homooligomer.
The effect of cMyc-D1-[ 396 Leu] on D1-D2 heteromer-induced intracellular calcium mobilization was investigated in striatal neurons in culture (Fig. 4E) . SKF 83959 induced a rapid and transient rise in intracellular calcium, as measured by FRET from cameleon, which was inhibited by transfecting these neurons with the cMyc-D1-[ 396 Leu] peptide (Fig. 4E) , indicating that the expression of the cMyc-D1-[ 396 Leu] interfered with the interaction of the D1R and D2R, thus blocking the D1R-D2R heteromer-mediated calcium signal.
Generation of a TAT peptide capable of disrupting the D1-D2 heteromer and blocking its signaling
We generated a peptide ( 396 Gly-413 Leu) fused at its NH 2 terminus to a TAT sequence to render it cell permeable (31) . The resulting TAT-D1 peptide was used as a pharmacological tool in further studies. In BRET experiments, D1-Rluc and D2-GFP showed a robust BRET signal (net BRET ratio: 0.32Ϯ0.03) when expressed at a 4:1 ratio (D2R/D1R), mimicking the (Fig. 5A, B) . At nanomolar ranges of TAT-D1 peptide, Ͼ30% of the BRET signal was lost between 0.1 and 10 nM, and Ͼ50% of the BRET signal was lost with 100 nM (Fig. 5A) . The BRET signal between D1R and D2R was completely abolished at micromolar ranges (Fig. 5B) . These results suggested that the peptide interfered with the interaction between the two receptors. To investigate whether this interference was specific and not due to the TAT sequence or to a random collision with some amino acids constituting the D1 peptide, we also used, as a control, a peptide with the same amino acid composition but with a scrambled sequence fused to TAT (TAT-scrambled peptide). We used the TAT-scrambled peptide at micromolar ranges (1 and 10 M). The TAT-scrambled peptide had no effect on the BRET signal between D1R and D2R (DNA ratio GFP/Rluc 2:1; Fig. 5C ), suggesting that the interference of the TAT-D1 peptide was specific and was not due to the TAT sequence or to nonspecific effects.
Membranes from HEK-293T cells stably coexpressing HA-tagged D1R and Flag-tagged D2R were used in coimmunoprecipitation studies. Immunoprecipitation of D2R using an anti-Flag antibody showed that the D1R was also coimmunoprecipitated, as revealed by Western blots using an anti-HA antibody (Fig. 5D, left lane) . Pretreatment with 10 M TAT-D1 peptide before and during the coimmunoprecipitation procedure resulted in reduced coimmunoprecipitation of the two receptors (Fig. 5D, right lane) . These results suggested the physical interaction between D1R and D2R was disrupted by the TAT-D1 peptide. Similarly, coimmunoprecipitation of D1R by anti-D2R antibody was possible from rat NAc membranes, suggesting D1R and D2R coexisted as a heteromer in rat NAc (Fig. 5E, left lane) . Treatment of the NAc samples with 10 M TAT-D1 peptide reduced by Ն50% the coimmunoprecipitation of D1R with D2R (Fig. 5E, right lane and right panel) . The loading controls are shown in Supplemental Fig.  S3A . The reduced coimmunoprecipitation was specific to the D1 peptide, as the TAT-scrambled peptide had no effect on the coimmunoprecipitation of D1R by D2R (Fig. 5F) , excluding any nonspecific effect of the TAT sequence. The coimmunoprecipitation results from cells and rat brain suggested that the peptide was capable of separating D1R and D2R, preassembled as heteromers.
We also assessed the specificity of the TAT-D1 peptide on the dopamine D2R-D5R heteromer (reviewed in ref. 7) , which was shown to involve glutamic acid residues in the D5R C tail, forming an interaction interface with arginine residues in the D2R ICL (39) . Cells coexpressing D5-Rluc and D2-GFP showed a BRET signal consistent with heteromer formation between D2R and D5R (Fig. 5G) . The BRET signal (BRET max and BRET 50 ) between D2-GFP and D5-Rluc was not altered by pretreatment with the TAT-D1 peptide, suggesting no effect of the TAT-D1 peptide on the D2-D5 heteromer. This conclusion was further confirmed using coimmunoprecipitation studies. D2-GFP was coimmunoprecipitated with D5-Rluc using an anti-Rluc antibody from cells coexpressing the D2-GFP and D5-Rluc receptors. Pretreatment of the cells for 15 min with 10 M TAT-D1 peptide failed to disrupt the D2-D5 heteromer (Fig.  5H) , in direct contrast with the effect it had on the D1-D2 heteromer (Fig. 5D, E) , suggesting specificity of the TAT-D1 peptide for the D1-D2 heteromer. When tested on D2-D2 homomer formation through BRET saturation curve experiments using D2-Rluc and D2-GFP (Fig. 5I) , this peptide was ineffective in blocking the BRET signal, suggesting that it had no effect on the D2-D2 homomeric interaction.
These results from BRET and coimmunoprecipitation studies showed that while the TAT-D1 peptide was able to separate the D1-D2 heteromer, the same peptide had no effect on the D2-D5 heteromer, nor does the TAT-D1 peptide alter the formation of D2-D2 homomers, suggesting a specific action of this peptide for the D1-D2 heteromer.
We also examined the effect of the TAT-D1 peptide on the functional activity of the D1-D2 receptor heteromer. In contrast to D1R or D2R, which interact preferentially with G s/olf or G i/o , respectively, the D1-D2 heteromer interacts preferentially with G q proteins to generate intracellular calcium. When D1-Rluc was coexpressed with G s -GFP, G i -GFP, or G q -GFP and in the absence of D2R, BRET experiments showed that D1-Rluc interacted preferentially with G s and not with G i or G q (Fig. 6A) . However, when the interaction of D1-Rluc with G s -GFP or G q -GFP was assessed in the presence of expressed D2-Flag, a higher BRET efficiency was observed between D1-Rluc (presumably in heteromer complex with D2-Flag) with G q protein rather than G s protein (Fig. 6A) . Cells coexpressing D1-Rluc and D2- TAT-D1 peptide and its specificity in disrupting the D1-D2 heteromer. A peptide from the sequence of amino acids in the D1 C tail (aa 396 -413) was fused in its NH 2 terminus to a TAT peptide sequence. A-C) BRET analysis of the interaction of D1-Rluc with D2-GFP in the absence or presence of nanomolar range (A) or micromolar range (B) TAT-D1 peptide; the TAT-scrambled peptide, used as control, had no effect on D1-D2 heteromer analyzed by BRET (C). D-F) Coimmunoprecipitation of D1R and D2R in the presence or the absence of TAT-D1 peptide. TAT-D1 peptide (10 M, 15 min) disrupted the D1-D2 receptor heteromer in HEK-293T cells stably expressing D1-HA and D2-Flag receptors (D) and endogenous receptors from rat striatum homogenate (E), as evidenced by weaker coimmunoprecipitation of D1 receptor with D2 antibody; the TAT-scrambled peptide, used as control, had no effect on the coimmunoprecipitation of D1R by D2R (F). G) BRET analysis of the interaction of D5-Rluc with D2-GFP in the absence or presence of TAT-D1 peptide (10 M, 15 min). H) Coimmunoprecipitation of D2R and D5R in the presence or the absence of TAT-D1 peptide (10 M, 15 min). I) BRET analysis of the interaction of D2-Rluc with D2-GFP in the absence or the presence of TAT-D1 peptide. All results represent means Ϯ sem of Ն3 independent experiments. **P Ͻ 0.01.
Flag with either G s -GFP or G q -GFP were pretreated with 10 M TAT-D1 for 15 min; this led to a higher BRET between D1-Rluc and G s -GFP and a very low BRET with G q -GFP (Fig. 6B) , suggesting that the disruption of the D1R-D2R heteromer by pretreatment with the TAT-D1 peptide resulted in a change in the preference of D1R for G proteins, with D1R now displaying better ability to interact with G s rather than G q , even though D2R was present, coexpressed in the same cells. Furthermore, in striatal neurons, SKF 83959 treatment led to a rapid increase in intracellular calcium (Fig. 6C) , a signaling pathway linked to D1R-D2R heteromer activation. However, pretreatment of striatal neurons with increasing concentrations of the TAT-D1 resulted in a dosedependent decrease in the SKF 83959-induced calcium signal (Fig. 6C) , with an 80 Ϯ 6% decrease reached by exposure to 1 M and higher doses of TAT-D1. As a control, we used the TAT-scrambled peptide (TAT-Sc-D1). High doses of this scrambled peptide had no effect on the SKF 83959-induced calcium signal (Fig.  6D) , suggesting that the sequence in the TAT-D1 was specific for the D1R and D2R interaction. The treatment of neurons by the TAT-D1 peptide had no observable effects on the localization of the receptors, as both D1R and D2R were mainly colocalized at the cell surface of striatal neurons (Supplemental Fig. S3B ).
Taken together, the results showed clearly the high importance of the 2 aa, 404 Glu and 405 Glu, within the C tail of the D1R in mediating the interaction between the receptors in D1-D2 heteromer formation. Any disruption or interference with the interaction of the receptors within the D1R-D2R complex abolished its interaction with G q and attenuated its calcium signal.
Use of the TAT-D1 peptide in vivo demonstrates the involvement of the D1-D2 heteromer in behavioral despair
In experiments using the FST, a test suggested to reflect behavioral despair, rats injected with SKF 83959 showed a significantly decreased latency to immobility (PϽ0.01), an effect that was inhibited with TAT-D1 peptide pretreatment (Fig. 7A) . SKF 83959 had no effect on total immobility time across the 5-min testing period (Fig.  7B) . In contrast, TAT-D1 treatment alleviated the behavioral despair symptoms of increased immobility and Fig. 7C, D) , an effect abolished in the presence of TAT-D1. Rats treated with TAT-D1, or TAT-D1 plus SKF 83959, exhibited reduced immobility time compared to saline controls (PϽ0.0001, PϽ0.01 respectively). The SKF 83959 effect during the first minute of the test may reflect an increase in behavioral despair with a depressive-like effect, resulting from activation of the D1-D2 heteromer that rapidly dissipated, while the effect of the TAT-D1 alone or in conjunction with SKF 83959 was more persistent, with the decrease in immobility indicating antidepressant-like effects. To test that these effects are not due to the TAT sequence itself, we used the TAT-scrambled peptide. The TAT-scrambled peptide had no significant effect on total immobility time across the 5-min testing period (Fig. 7E) or during the first minute (Fig. 7F) , suggesting that the effects observed with the TAT-D1 peptide are specific and are not due to the TAT sequence or to nonspecific effects.
Together, these results indicate that the TAT-D1 administered in vivo unveiled a role for the D1-D2 heteromer in the modulation of behavioral despair, with D1-D2 heteromer activation leading to transient depressant-like effects, while its disruption through TAT-D1 resulted in antidepressant-like effects.
DISCUSSION
In the present study, we used the identified amino acid sequence from the D1R C tail involved in forming an interaction interface with D2R to produce a peptide capable of disrupting the D1-D2 heteromer, switching its G-protein coupling, abolishing its signaling, and functioning as a selective antagonist in vitro and in vivo.
Of the several mutated and truncated D1R C-tail variants tested, only those lacking the residues 404 Glu and 405 Glu were shown to be ineffective in interacting , used as control, had no effect on the total immobility time over the 5-min testing period (E) or during the first minute of the test (F). *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
with the D2R. The use of a peptide corresponding to a sequence containing these 2 aa and the 6 flanking residues on either side of this site, not only blocked the interaction of the D1R and D2R shown by BRET analysis and coimmunoprecipitation studies, but also blocked the calcium signal activated by the heteromer, usually seen as a fingerprint of D1-D2 heteromer activation (7, 8, 15) . Furthermore, the treatment of cells expressing the D1-D2 heteromer with the D1 peptide switched the preference of D1R interaction from G q in a D1-D2 heteromer context, to a preference for interaction with G s , usually seen in a D1R homomer context. Furthermore, activation of the D1-D2 heteromer in vivo enhanced immobility in the FST, while disruption of the receptor complex by the TAT-D1 peptide abolished this effect and also induced antidepressant-like effects by its sole injection, suggesting that the heteromer was likely involved in mechanisms responsible for modulating behavioral despair. Another peptide generated from the third ICL of D2R has been shown to exert similar antidepressant-like effects (20) . However, the mechanism of action of this latter peptide is not clear, since this D2 peptide was generated from a sequence lacking in the short version of D2R (D2sR), suggesting a noninteraction between D1R and D2sR (20) , which is in contradiction with data obtained by other researchers (24, 34) showing formation of heteromers between D1R and D2sR.
Using BRET techniques, we showed that a significant interface between D1R and D2R mediating the formation of the D1-D2 heteromer involved interactions between specific amino acids in the C tail of the D1R with the D2R. Although different mechanisms could be involved in protein-protein interactions, receptor heterooligomerization has been shown to involve, among others, electrostatic interactions able to stabilize these receptor complexes (26 -28, 33) , especially as the residues identified in the D1R were charged residues. Notably, the D2R contains in the third ICL (IC3) several arginine-rich sequences capable of stable electrostatic interactions with carboxyl groups of aspartate, glutamate, and/or the phosphate group on phosphorylated residues (26 -28, 33) . For two peptides to form stable complexes, a minimum of 2 adjacent arginine residues in one peptide and 2 adjacent aspartic acid residues or glutamic acid residues in the other peptide are needed. Using a nuclear localization sequence (NLS) incorporation technique, we previously determined that 2 adjacent arginine residues ( 274 Arg and 275 Arg) located in the IC3 of the D2R were involved in D1R-D2R heteromer formation (33) . Each of these arginines was shown to be required for D1R-D2R heterooligomerization, with the absence of receptor heteromer formation if either one of these arginines was substituted (34) . Similar conclusions have been drawn regarding an important role for arginine-rich motifs located in the IC3 of D2R in the interaction of the D2R with other receptors, such as cannabinoid type 1 (CB1) receptor (37) and adenosine A2 receptor (29) .
The arginine pairs, and generally arginine-rich motifs, interact with aspartic acid or glutamic acid residues to form stable complexes. In the present study, we showed that the glutamic acid sequence in the D1R C tail was necessary for the interaction with D2R. Both BRET and coimmunoprecipitation techniques showed that D1Rs where this sequence was truncated or substituted showed a lack of interaction with D2R to form heteromer complexes. Interestingly, the use of a peptide containing this sequence interfered with D1-D2 heteromer stability and disrupted preformed D1-D2 heteromers in cells and in rat NAc, as was determined by treatment with the TAT-D1. Both glutamic acids were shown to be required for D1-D2 heteromer formation, and a D1 receptor construct with either of the glutamic acids substituted was unable to form a heteromer with the D2R. Moreover, substitution of the positively charged pair of glutamic acids with equally positively charged aspartic acid residues could not substitute and did not form heteromers with D2R (34, 38) . Interestingly, the D2-D5 heteromer, which also has glutamic acid and arginine residues in the interaction interface (39) was not disrupted by the TAT-D1 peptide, as evidenced by the lack of effect of the TAT-D1 peptide on the coimmunoprecipitation of D5R and D2R, as well as the lack of effect on the BRET signal between D5-Rluc and D2-GFP. The TAT-D1 peptide did not block the interaction between D1-D1 homomers. Similarly, although this peptide would interact with D2R, it did not block the formation of D2-D2 homomers as assessed by BRET. This suggested that the TAT-D1 peptide was specific to the D1-D2 heteromer disruption and that the interface of interaction between D1R and D2R to form a heteromer is different from those involved in D1R or D2R homomer formation.
Both D1R and D2R can form homomers and heteromers, and the configuration of a receptor in a homomeric state vs. a heteromeric state appears to involve changes in their respective intracellular conformations, allowing differential G-protein coupling and subsequent activation of different signaling pathways. We have previously shown that the D1-D2 heteromer mediated the intracellular mobilization of calcium through G q proteins, an effect that the homomers of D1R or D2R were unable to generate (11, (13) (14) (15) . In the present study, BRET data showed that under basal conditions (absence of drug treatment) D1R homomers were more efficient in interacting with G s than with G q proteins, whereas the D1R within the D1-D2 heteromer was more efficient in interacting with G q rather than G s proteins. Interestingly, pretreatment with the TAT-D1 peptide of cells coexpressing D1R-D2R heteromers led to a change in the preference of the D1R for G-protein coupling, with a higher preference for G s rather than G q seen for D1R disrupted from the heteromer. It is easily conceivable that differences in ICL conformations between homomers and heteromers dictated the difference in D1R coupling with G s or G q . The conformational constraints resulting from the interactions between the IC3 of D2R and the C tail of D1R were in favor of an interaction with G q , whereas the disruption of the D1-D2 heteromer led to a change
